Background and Aims Sympatric plant species that share pollinators potentially compete for pollination and risk interspecific pollen transfer, but this competition can be minimized when plant species place pollen on different areas of the pollinator's body. Multiple studies have demonstrated strong differential pollen placement by sympatric plant species under laboratory conditions; however, field evidence collected in natural settings is less common. Furthermore, it is unknown whether precise pollen placement on the pollinator's body remains constant throughout the foraging period, or if such patterns become diffused over time (e.g. due to grooming). To test the prevalence of differential pollen placement in the wild, we examined a community of five night-blooming plant species in southern Thailand that share common bat pollinators.
INTRODUCTION
Sympatric plant species that share pollinators potentially risk interspecific pollen transfer (Robertson, 1895; Levin and Anderson, 1970; Waser, 1978; Campbell and Motten, 1985; Feinsinger et al., 1988) which can reduce both male and female fitness (Waser, 1983; Morales and Traveset, 2008; Muchhala and Thomson, 2012) . One mechanism that is frequently proposed to reduce interspecific pollen transfer is differential pollen placement (Howell, 1977; Waser, 1983; Armbruster et al., 1994; Grant, 1994; Caruso, 2000; Muchhala and Potts, 2007) . By placing pollen on different areas of a pollinator's body, plant species should lose less pollen to heterospecific flowers (improving male fitness) and receive less heterospecific pollen on stigmas (improving female fitness) (Waser, 1983; Morales and Traveset, 2008; Muchhala and Thomson, 2012; Stewart and Dudash, 2016a) . However, support for the importance and effectiveness of differential pollen placement has been mixed (Howell, 1977; Armbruster et al., 1994; Murcia and Feinsinger, 1996; Muchhala and Potts, 2007; Flanagan et al., 2009; Muchhala and Thomson, 2012; Stewart and Dudash, 2016a) .
Prior studies have suggested a number of different reasons why differential pollen placement is ineffective in reducing pollen loss and interspecific pollen transfer. For example, Murcia and Feinsinger (1996) found that even heterospecific plants with widely different floral morphologies can interfere with pollen movement between conspecific flowers, since heterospecific corollas and other plant structures can brush pollen off the bodies of pollinators. Additionally, pollen may be lost or spread across different body parts during grooming (Thomson, 1986; Inouye et al., 1994; Harder and Wilson, 1998; Flanagan et al., 2009) . Thus, the distribution of pollen on a pollinator's body may change over time, but studies examining such temporal patterns in pollen loads are absent in the literature.
In a previous study conducted in a flight cage, we experimentally tested patterns of pollen deposition by four diverse plant taxa, and we observed strong differential pollen placement on Eonycteris spelaea, an Old World bat pollinator (Stewart and Dudash, 2016a) . However, pollen was collected immediately after bats finished foraging at flowers, and the patterns of pollen placement observed in our experiment may not reflect patterns observed on wild foraging bats. Furthermore, the distribution of pollen on a pollinator may change over time. Patterns of differential pollen placement may become less distinct (or disappear entirely) if pollen is removed or transferred across different body parts during contact with plant surfaces, or during grooming. Alternatively, patterns may become more pronounced over time if pollen gradually accumulates on a specific body part throughout foraging.
To determine if the experimentally observed patterns of pollen distribution on Old World nectar bats reflect natural pollen placement, we examined pollen loads of wild foraging bats in southern Thailand. We focused on five plant taxa that are very common in the diets of nectar-feeding bats (Start and Marshall, 1976; Bumrungsri et al., 2013; Stewart et al., 2014) and therefore may experience interspecific pollen transfer. Four of these plant taxa were used in our previous experiment (Ceiba pentandra, Durio zibethinus, Musa acuminata, Parkia spp.) and the fifth species (Oroxylum indicum) we previously hypothesized would place pollen on an area of the bat (the crown of the head) not utilized by the other four plant taxa (Stewart and Dudash, 2016a) . We also examined if the distribution of pollen on flower-visiting bats changes throughout the night. This study provides rare field evidence of differential pollen placement by five diverse plant taxa, and illustrates how pollinator pollen loads can change over time.
METHODS

Plant study species
This study focused on plant species that are universally found throughout southern Thailand's mixed agriculture-forest landscape, and that are common in the diets of nectarivorous bats: Ceiba pentandra, Durio zibethinus, Musa acuminata, Oroxylum indicum, Parkia speciosa and P. timoriana (Start and Marshall, 1976; Bumrungsri et al., 2013; Stewart et al., 2014) . These plant species bloom at night and are known to rely on bats for pollination (Start and Marshall, 1976; Bumrungsri et al., 2008 Bumrungsri et al., , 2009 Srithongchuay et al., 2008 Srithongchuay et al., , 2016 Acharya et al., 2015; Stewart and Dudash, 2016b) .
Ceiba pentandra (Malvaceae) is a self-compatible, pantropical tree species with a short, highly synchronous flowering period (Gribel et al., 1999) . In southern Thailand, all flowering of this species occurs between late November and midFebruary (our unpubl. data). Hermaphroditic flowers occur in clusters, and individual trees can produce hundreds of thousands of flowers per season (Gribel et al., 1999) . Flowers are actinomorphic, with five white petals, a shallow corolla tube and five highly exserted stamens.
Durio zibethinus (Malvaceae) is a self-incompatible tree species native to south-east Asia (Bumrungsri et al., 2009) . Hermaphroditic flowers are produced in clusters along mature branches and the mass flowering is highly synchronous (Bumrungsri et al., 2009) . All trees in our study area flowered between March and April, consistent with Bumrungsri et al., (2009) . A single tree typically flowers for just 10 d, but can produce over 1000 flowers per night (Bumrungsri et al., 2009) . Flowers are actinomorphic, and have five cream-coloured petals, a shallow corolla tube and five clusters of highly exserted stamens (up to 12 anthers per filament bundle.
Musa acuminata (Musaceae) is a herbaceous plant species native to south-east Asia (Itino et al., 1991) , with wild individuals requiring pollination to set fruit (Andersson, 1998) . Flowering individuals can be found year-round (Gould, 1978; Sripaoraya, 2005; Pillay and Tenkouano, 2012; our unpubl. data) . Each shoot produces a single inflorescence consisting of bracts covering two rows of flowers (around 15-40 flowers; Itino et al., 1991) . Each night, a bract folds back to expose the flowers, which are female during the first 1-30 hands, sterile during the next 0-4 hands and male during the last 150-300 hands (Pillay and Tenkouano, 2012) . Individual flowers are zygomorphic, with one white and yellow fused tepal (three sepals and two petals) forming a long sheath that encase the five recessed stamens, and one free petal.
Oroxylum indicum (Bignoniaceae) is a self-incompatible tree species with hermaphroditic flowers that is distributed throughout much of Asia (Srithongchuay et al., 2008) . Flowering individuals are found year-round, with some trees flowering continuously (Srithongchuay et al., 2010; our unpubl. data) . Only one or two flowers open per inflorescence per night (Srithongchuay et al., 2008) , but trees can have dozens of inflorescences flower simultaneously (Gould, 1978) . The zygomorphic flowers have a reddish-purple exterior and pale yellow interior; five recessed stamens lie along the roof of the deep corolla tube, formed by five fused petals.
Parkia (Fabaceae) is a pantropical genus (Baker and Harris, 1957) , and the palaeotropical P. speciosa and P. timoriana are both self-incompatible . We observed flowering P. speciosa trees year-round, but the majority of flowering occurred from May to November. In contrast, P. timoriana has a very short, synchronous flowering season from December to mid-January our unpubl. data) . Individuals of both species can have up to 70 active capitula (pendant, spherical inflorescences) open per night, which are either hermaphroditic or functionally staminate . Each inflorescence contains 2500-4000 pale yellow florets; the majority are fertile, but about 25-30% are nectar-secreting or staminoidal . The densely packed fertile florets have many exserted stamens.
Bat study species
We primarily focused on Eonycteris spelaea, as it is the most common nectarivorous bat species in southern Thailand (Stewart et al., 2014) , and because it consistently forages on all of our focal plant study species (Bumrungsri et al., 2013; Stewart et al., 2014) . This bat species is relatively large (53-59 g; Stewart and Dudash, 2016b) , has a broad diet and is an important pollinator of many night-blooming plant species (Start and Marshall, 1976; Bumrungsri et al., 2008 Bumrungsri et al., , 2009 Srithongchuay et al., 2008 Srithongchuay et al., , 2016 Acharya et al., 2015; Stewart and Dudash, 2016b) . Because of its broad diet, E. spelaea potentially transfers heterospecific pollen among bat-pollinated plant species.
We also examined three additional flower-visiting bat species that are important pollinators: Macroglossus minimus (17-19 g) and Macroglossus sobrinus (22-24 g) are important pollinators of M. acuminata, while Rousettus leschenaulti (73-89 g) is an important pollinator of D. zibethinus (Stewart and Dudash, 2016b) . These species are less likely to cause interspecific pollen transfer since they visit the flowers of fewer plant species than E. spelaea (Start and Marshall, 1976; Stewart and Dudash, 2016b) . Examining multiple pollinator species allowed us to examine if patterns of pollen deposition are universal, or vary by bat species.
Collecting bat pollen loads
We examined the natural distribution of pollen on wild nectarivorous bats by examining pollen samples collected from four body parts: the crown of the head, face, chest and ventral side of one wing. Bats were caught during their nightly foraging by using mist-nets placed in front of flowering individuals of our plant study species. Mist-nets were hoisted into the canopy using a pulley system, and monitored from 1800 to 2400 h. Time of capture was recorded for each netted bat, and pollen was collected from the four areas of the body (crown, face, chest and wing) using fuchsin glycerin gelatin (Beattie, 1972) . The solidified gel was dispensed using a modified syringe, which allowed us to use a consistent amount of gel for each bat [0Á1 mL of gel per body part; see Stewart and Dudash (2016) a for additional details]. For each body part, a section of gel was dabbed evenly across the entire surface (pollen grains adhere readily to the tacky gel) and fixed on a slide. Pollen grains on bats' bodies were possibly disturbed during capture and handling, but we minimized disturbance by collecting pollen samples before taking other measurements, and assumed that any disturbance affected all individuals similarly. Samples were examined with a compound light microscope, and all pollen grains were counted and identified to species (or genus, for Parkia).
Because gel was uniformly dabbed across the entire surface of a given body part, and because the surface area of the wing was much larger than the other three body parts, samples collected from wings contained inherently more pollen grains (Supplementary Data File S1). To compare pollen samples among the four body parts, we standardized pollen counts by dividing each sample by the average number of pollen grains collected from the respective body part (hereafter, 'relative pollen deposition'). Thus, all pollen samples collected from the wing were divided by 22Á4 (the average number of pollen grains collected from the wings of all bats), and pollen samples collected from the face, chest and crown were divided by 4Á83, 4Á42 and 1Á90, respectively. When standardizing pollen counts, we used the mean of all bat individuals since the relative proportions of total pollen found on each body part were similar across bat species (File S1). While this measure only reflects relative pollen grains collected from bats, rather than actual number of pollen grains deposited on bats (which would be very difficult to determine), we consider it a reasonable proxy for actual patterns of pollen deposition.
Statistical analyses
To determine how the relative distribution of pollen found on the bodies of wild E. spelaea bats varied by plant species and across time, we used a generalized linear mixed model (GLMM, package glmer). The response variable was the lognormal (ln)-transformed value of relative pollen grains collected (using standardized pollen values). The fixed factors were pollen species (C. pentandra, D. zibethinus, M. acuminata, O. indicum or Parkia spp.), body part where pollen was collected (crown, face, chest or wing), time of night, and all subsequent two-way and three-way interactions; bat individual was included as a random factor. For M. minimus, M. sobrinus and R. leschenaulti bats, pollen of only a single focal plant species was commonly carried; thus, body part and time of night were the only fixed factors, and bat individual was included as a random factor. We used Akaike information criterion (AIC) scores to compare models (DAIC <2) and verified results with nested likelihood ratio tests (P < 0Á05). All analyses were performed with R 3.1.1 (R Development Core Team).
RESULTS
We collected pollen loads from 640 E. spelaea, 25 M. minimus, 73 M. sobrinus and 71 R. leschenaulti bats between March 2013 and August 2014. Of the E. spelaea individuals, 188 carried C. pentandra pollen, 215 carried D. zibethinus pollen, 322 carried M. acuminata pollen, 125 carried O. indicum pollen and 438 carried Parkia pollen (with many E. spelaea individuals carrying more than one pollen species). Of the Macroglossus individuals, 25 M. minimus and 72 M. sobrinus bats carried M. acuminata pollen. A total of 33 R. leschenaulti bats carried D. zibethinus pollen. Other pollen species and morphotypes are occasionally found on these bat species, but are less common (Stewart and Dudash, 2016b) .
Relative pollen deposition on E. spelaea was best described by the full model (pollen species Â body part Â time of night: v Fig. 1 ). Relative C. pentandra pollen deposition increased over time, but did not vary by body part. Relative D. zibethinus and M. acuminata pollen deposition both increased over time, and differed by body part (D. zibethinus was most abundant on the wing and M. acuminata on the face), but there was no time Â body part interaction. Relative O. indicum pollen deposition did not change over time, but differed among body parts (most abundant on the crown and face). Finally, relative Parkia pollen deposition increased over time, varied by body part (most abundant on the chest), and was influenced by a strong interaction between time and body part.
Relative pollen deposition of M. acuminata was similar for both M. minimus and M. sobrinus. Body part significantly influenced pollen deposition (most abundant on face), but neither time nor the time Â body part interactions were significant (Table 1 ) (see File S2 for all models tested). Relative D. zibethinus pollen deposition on R. leschenaulti bats was influenced by both body part (most abundant on the wing) and time of night (increasing over time), but not by their interaction (Table 1)  (see File S2 for all models tested).
DISCUSSION
While differences in floral morphology are commonly expected to reduce pollen misplacement among sympatric plant species (Waser, 1983; Armbruster et al., 1994; Grant, 1994; Caruso, 2000; Muchhala and Potts, 2007) , field evidence of differential pollen placement is rare (but see Howell, 1977; Huang and Shi, 2013; Huang et al., 2015) . Additionally, previous field studies have typically collected pollen from a single time interval, without examining whether pollen patterns on the pollinators' bodies change throughout the foraging period (but see Howell, 1977) . Our findings provide empirical evidence that differential pollen placement can occur in nature, in spite of processes known to diminish these patterns such as grooming (Thomson, 1986; Inouye et al., 1994; Harder and Wilson, 1998; Flanagan et al., 2009) or contact with various plant surfaces (Waser, 1983; Murcia and Feinsinger, 1996; Mitchell et al., 2009) .
This study examining differential pollen placement on wild foraging bat pollinators expands upon previous experimental work. Three plant species placed pollen on areas of the bats that were consistent with our predictions. Relative M. acuminata pollen deposition was greatest on the face and Parkia was greatest on the chest, as was previously observed (Stewart and Dudash, 2016a) . Relative O. indicum pollen deposition was concentrated on the crown of the head (as we predicted based on floral morphology) as well as on the face. All three species are 'steady-state' plants, producing low numbers of flowers throughout most of the year. Consequently, these plant species experience high levels of overlap in flowering and potential competition for pollinators, and precise pollen placement on different areas of the pollinator helps reduce interspecific pollen transfer (Stewart and Dudash, 2016a) . Moreover, given that steady-state species produce few flowers per night, precise pollen placement can increase the likelihood that pollen is transferred to a conspecific stigma. Similar findings have been reported for steady-state, bat-pollinated plant species in the New World tropics, such as Marcgravia (Tschapka et al., 2006) and Burmeistera (Muchhala, 2008; Muchhala and Potts, 2007) . Howell (1977) also found that diverse neotropical plant species place pollen on different areas of nectarivorous bats (venter, shoulders and mid-dorsum, and the face and neck). Thus, for bat-pollinated plant species that flower year-round, differential pollen placement appears to be an important mechanism for promoting correct pollen transfer in both the New World and the Old World tropics.
Pollen placement on wild foraging bats by two other plant species differed from our experimental study. In our prior study, both D. zibethinus and C. pentandra pollen were most abundant on the face, followed by the wing (Stewart and Dudash, 2016a ). In the current field study, relative D. zibethinus pollen deposition was greatest on the wing, while C. pentandra pollen was deposited evenly across all four body parts. In general, pollen placement by 'big-bang' D. zibethinus and C. pentandra were both much less precise than the steady-state plant species. Big-bang plants produce large amounts of flowers over a short period of time, and both D. zibethinus and C. pentandra flowers are produced in large clusters. Consequently, pollen deposition for these plant species seems to be broadly distributed on the bats' bodies, as Old World bat pollinators rarely hover (Marshall, 1983; Bumrungsri et al., 2008; Fleming et al., 2009 ) and probably crawl across clusters of flowers during foraging. However, the attractiveness of high-rewarding big-bang plant species (combined with limited phenological overlap with other big-bang species) may promote high pollinator constancy and reduce interspecific pollen transfer (Waser, 1986) , as has been observed in stingless bees (Ramalho, 2004; Serra et al., 2012) and other nectar bats (Cummings et al., 2014) .
In general, patterns of pollen deposition were consistent across bat species. Relative D. zibethinus pollen deposition was similar on both E. spelaea and R. leschenaulti bats, influenced by body part (most abundant on wing) and time of night (increasing over time), but not by their interaction. Individuals of E. spelaea and R. leschenaulti are very similar in shape and size, and presumably interact with flowers in a similar manner. Similarly, the placement of M. acuminata pollen was comparable for E. spelaea and both Macroglossus species (most abundant on the face), despite the fact that E. spelaea bats are 3-4 times larger than Macroglossus bats. However, relative M. acuminata pollen deposition was not influenced by time for the two Macroglossus species, while it increased over time for E. spelaea. It is possible that our Macroglossus sample sizes were too small to accurately capture changes in pollen loads over time. Alternatively, Macroglossus bats may groom more frequently than E. spelaea bats, thus removing pollen from their bodies consistently throughout foraging. TABLE 1. Generalized linear mixed models were conducted to examine how body part, time of night and their interaction affect the distribution of pollen on the bodies of four nectarivorous bat species in southern Thailand. For each bat species, we analysed the pollen of focal plant species that were commonly visited (five plant taxa were commonly visited by E. spelaea; the remaining bat species visited a single plant species). The response variable was the lognormal (ln)-transformed number of pollen grains collected. The fixed factors were 'body part' where pollen was collected (crown of the head, face, chest, or ventral side of the wing), 'time' (time of night) and their interaction; bat individual was included as a random factor
Bat species Plant species Body part Time Body part Â Time Unsurprisingly, patterns were less distinct on wild bats than observed during controlled experimental conditions (Stewart and Dudash, 2016a) . Pollen is probably displaced by wind or movement (Inouye et al., 1994; Rademaker et al., 1997) , during contact with plant surfaces (Waser, 1983; Murcia and Feinsinger, 1996; Mitchell et al., 2009 ) and during grooming (Thomson, 1986; Harder and Wilson, 1998; Flanagan et al., 2009 ). Yet in spite of some pollen displacement, we still observed precise pollen deposition by most of our focal plant species. While some pollen is inevitably lost, placing pollen on different areas of the pollinator at least ensures that the pollen of each plant species is not displaced or buried by heterospecific pollen (Muchhala and Thomson, 2012) . Furthermore, precise pollen placement on different areas of the pollinator's body increases the likelihood of conspecific pollen transfer (Muchhala and Potts, 2007; Stewart and Dudash, 2016a) .
Time of night strongly influenced bat pollen loads for most of the plant species studied. For all focal plant species except O. indicum, pollen accumulated on the bodies of E. spelaea bats throughout their foraging period. Thus, while bats are known to groom periodically during foraging (Howell and Hodgkin, 1976; Muchhala and Thomson, 2010) , a substantial number of pollen grains remain on the bats' bodies. Muchhala and Thomson (2010) also found that, while bird feathers shed pollen easily, bat fur readily retains pollen grains. The constant amount of O. indicum pollen on E. spelaea bats may indicate that the rate at which O. indicum pollen is removed from bat fur is equal to the rate at which it is deposited. In contrast, the pattern of Parkia pollen deposition on the chest became stronger over time, suggesting that Parkia pollen is transferred to bats faster than it is removed. While we found that pollen loads generally increased over time, Howell's (1977) neotropical study found that some pollen species increased while others decreased. Howell proposed that neotropical bats first concentrate on early-blooming species before switching to laterblooming species during nightly foraging, which does not seem to occur in our palaeotropical system. The pollination literature lacks studies of how pollinator pollen loads change throughout foraging, but these patterns can have important impacts on pollinator effectiveness, and should be further investigated across diverse pollinator taxa.
This study corroborates prior work demonstrating strong differential pollen placement on Old World nectar bats. We show that pollen grains of bat-pollinated plant species are deposited on different body parts of bats foraging under natural conditions. Additionally, steady-state plants that produce single flowers and compete for pollination year-round exhibit much more precise pollen placement than big-bang plants that produce flowers in large clusters. Patterns of pollen placement were generally consistent across bat species, indicating similar foraging behaviours, despite large size differences among bat species. This work is also novel in investigating how pollinator pollen loads change over time, and while we found substantial variation across plant species, temporal patterns were generally consistent across pollinator species. Our findings reveal significant differential pollen placement on wild foraging bats (in spite of naturally occurring pollen displacement), and demonstrate how diverse floral morphologies effectively limit interspecific pollen transfer among Old World bat-pollinated plants. Additionally, the patterns of precise pollen placement on nectar bats remain constant or become more pronounced over time, revealing that interspecific pollen transfer is probably minimal throughout the entire foraging period of the bats and flowering phenology of the plant species in our study area.
SUPPLEMENTARY INFORMATION
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. File S1: raw data for the number of pollen grains collected from the fur of wild foraging nectar bats in southern Thailand. File S2: AIC statistics for models describing the number of pollen grains collected from different body parts of the foraging nectar bats.
